CoRoT and Kepler high-precision photometric data allowed the detection and characterization of the oscillation parameters in stars other than the Sun. Moreover, thanks to the scaling relations, it is possible to estimate masses and radii for thousands of solartype oscillating stars. Recently, a ∆ν − ρ relation has been found for δ Scuti stars. Now, analysing several hundreds of this kind of stars observed with CoRoT and Kepler, we present an empiric relation between their frequency at maximum power of their oscillation spectra and their effective temperature. Such a relation can be explained with the help of the κ-mechanism and the observed dispersion of the residuals is compatible with they being caused by the gravity-darkening effect.
Introduction
Our knowledge of the stellar properties is increasing as asteroseismic techniques are being developed and applied to the huge amount of data available. Ground-based telescopes and networks allowed a preliminary study of the characteristics of the oscillation modes in stars. Some of these networks, such as the Delta Scuti Network (DSN, Breger 1998 ) and the Stellar Photometric International network (STEPHI, Michel et al. 1995) , studied δ Scuti stars with higher spectral resolution, thus improving the observing windows, and allowing the identification of several high amplitude modes. However, the golden age for Asteroseismology came with the launch of the space telescopes such as CoRoT (Baglin et al. 2006) and Kepler . These space missions revealed the pulsation pattern of solar-type oscillators (including red giants), thereby turning this new domain into a flourishing field.
Moreover, δ Scuti stars power spectra started to be better measured and better understood (e.g. Poretti et al. 2009 ). This kind of stars is representative of the whole intermediatemass domain just above the domain of solar-like pulsators in terms of effective temperature (from ∼6000 to ∼9000 K; Uytterhoeven et al. 2011 ) and mass (from 1.5 to 2.5 M ⊙ ; Breger 2000) . They show from slow to fast rotation rates, as it is common in stars in this mass range, and also more massive stars (Royer et al. 2007 ).
⋆ Table A .1 is only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ The oscillations of these stars are excited by κ-mechanism (Chevalier 1971) . However, turbulent pressure can be of importance too in certain peculiar cases (Antoci et al. 2014) or in δ Scuti -γ Doradus hybrids (Xiong et al. 2016) . The pulsation pattern of δ Scuti stars also shows regularities as has been supposed in several theoretical studies (e.g. Pasek et al. 2012) . These regularities include the large separation whose value is related to the mean density of the star (e.g. Suárez et al. 2014) . Such a scaling relation is quite similar to the scaling relation found in solar-type oscillators (Kjeldsen & Bedding 1995) with a small deviation (from 11 to 21%) due to the stellar deformation. García Hernández et al. (2015) confirm this relation by taking into account several δ Scuti stars observed in eclipsing binary systems, which suggests that the relation is independent of the rotation rate: .
In addition, the higher and lower limits of the pulsation pattern might be used to characterize the stars (Michel et al. 2017) .
In this paper, we analyse a large sample of 1063 δ Scuti stars, observed using CoRoT and Kepler, to characterize and study the envelope of their oscillation power spectra and look for new scaling relations. In Section 2, the study of the envelope of the spectrum is explained. The different results we obtained are presented in Section 3, including the linear relation between the frequency at maximum power, ν max , and the effective temperature, T eff , of δ Scuti stars. In Sect. 4, we further explain the observed dispersion of the measured temperature. In the final section we draw our conclusions.
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Data and Methodology
A large sample of δ Scuti type stars is needed for a proper statistical study of their characteristics. Therefore, we have selected 1055 A and F stars with oscillations in the typical frequency range of δ Scuti type stars observed with Kepler. The Kepler Long Cadence data (LC) are sampled every ∼30 min and its noise level is around 20 ppm . We also use the data of 8 δ Scuti stars observed with the CoRoT sismo-channel with a much shorter cadence (32s) and a substantially higher photometric precision (between 0.6 to 4 ppm, see Auvergne et al. 2009 ).
Using our own methodology (δ Scuti Basics Finder; Barceló Forteza et al. 2017), we obtained the overall parameters of the oscillation modes and also characterized their powerspectral structure. Our analyses interpolate and analyse the light curve of each star with an iterative three-stage method (see Barceló Forteza et al. 2015) : The first two stages allow us to interpolate the light curve using the information of the subtracted peaks. This interpolation minimizes the effect of gaps and considerably improves the background noise, thereby avoiding spurious effects (García et al. 2014) . The last stage produces more accurate and precise results in terms of the parameters of the modes (frequencies, amplitudes, and phases). Furthermore, it is reasonably fast, thus making it appropriate for the study of a large sample of δ Scuti stars. Owing to the low Nyquist frequency of the LC data (283 µHz), we also made a superNyquist analysis (Murphy et al. 2013) up to 1132 µHz. This range includes all typical frequencies for δ Scuti stars (Aerts et al. 2010 ).
To characterize the power spectral structure, we take into account the energy of the signal for each peak i:
where RMS i is the root mean square of the residual signal after the extraction of highest i peaks, i = 0 for the original signal).
A number of parameters defining the envelope can be obtained; for instance, the number of peaks that form the envelope (N env ); those that accomplish E i 0.1% within the typical δ Scuti frequency regime, from 60 to 930 µHz (Aerts et al. 2010) . The level of 0.1% is chosen since the number of peaks per energy from 0.01 to 0.1% is an order of magnitude higher than those between 0.1 to 1%. The energy of all these peaks (E env ) compares the energy of the envelope with the energy of the entire signal. The mean amplitude of the envelope,
where A i is the amplitude of each peak; and the frequency at maximum power,
where ν i is the frequency of each peak. This definition is based on the weighted mean frequency used by Kallinger et al. (2010b) to measure the asymmetry of the power excess for red giants. We also measured the asymmetry of the δ Scuti stars' envelope using
where ν l , and ν h are the lowest, and highest frequency peaks, respectively, and δν env is its width defined as δν env = ν h − ν l . We note that, |α| = 0.5 is the maximum value for an asymmetric envelope.
Results
Once their power spectra are obtained, we can classify the studied stars in δ Scuti, γ Doradus, and hybrid stars, as explained in Uytterhoeven et al. (2011) . We find that 700 of the 1055 stars (∼66%) are δ Scuti stars, 225 stars (∼21%) are δ Sct/γ Dor hybrids, 116 stars (∼11%) are γ Dor/δ Sct hybrids, and 14 stars (∼2%) are γ Doradus stars or other kinds of pulsators. We take into account those stars without significant pulsation in the γ Doradus regime since hybrid stars have a higher convective efficiency (Uytterhoeven et al. 2011) . This is of importance to accomplish all of our assumptions (see Section 4.1). Only three stars are considered HADS candidates (see Sect. 4.4) . The star sample is listed in the online-only material (Table A .1).
Number of peaks
As we can see in Fig The proportion of stars with a lower number of high energy peaks might be explained in terms of a selection mechanism, such as trapping or resonances (e.g. Dziembowski 1982; Dziembowski & Krolikowska 1990 ). In addition, 2-period island modes show lower amplitude peaks with higher inclinations. Therefore, those 2-period island modes have amplitudes comparable to the chaotic modes for stars with inclinations close to the equator (Lignières & Georgeot 2009) . As a consequence, the lower 2-period island modes could not have enough energy, E i , to be considered as located inside the envelope. The energy of the envelope, E env represents an 80% or higher proportion of the entire signal for most δ Scuti stars. We observed a decrease in the number of stars with high number of peaks towards lower E env (see Fig. 1 , right). This is in agreement with the scenario described before.
We can also observe a large tail to higher number of peaks. This phenomenon can be explained by the long duration of the Kepler campaigns, which allowed us to observe the long-period cyclic variations and their associated high-amplitude sidelobes (e.g., Barceló Forteza et al. 2015) . In most cases (∼ 70%), those sidelobes are split from the main peak only a few tens of nHz or less and their characteristics are those predicted for resonance (e.g., Moskalik 1985) , binarity (Shibahashi & Kurtz 2012) or aliasing (Murphy et al. 2013 ). The results presented in Bowman et al. (2016) are in agreement with our observations. Then, we did not take the sidelobes of the modes into account to calculate the typical number of peaks of the envelope.
Asymmetry
The typical amplitudes of the highest modes (A 0 ) of δ Scuti stars are around thousands of ppm (see Fig. 2 , left). However, the mean amplitude of the envelope is almost one order of magnitude lower A env ∼ 300 ppm (see Fig. 2 , right). We also observed some cases with amplitudes up to 10 5 ppm and low number of modes that have been classified as HADS (see Sect. 4.4 ).
An interesting characteristic of the envelope is its asymmetry, which has been calculated for red giants by Kallinger et al. (2010a) . They find a weak asymmetry around 3.1±1.3% of the ν max value; such a difference between the weighted frequency and the mean frequency of the envelope is similar to that found in the solar case. We have calculated the asymmetry of the envelope for δ Scuti stars, α (see Eq. 5), and we observed that their envelope can be highly asymmetric, up to |α|=0.45. Specifically, 61% of stars have a significantly higher asymmetry than the solar case (see Fig. 3 ) considering a higher difference than 3σ.
This asymmetry is not produced by a bias due to aliasing. The Nyquist frequency of CoRoT data is higher than the typical frequencies of δ Scuti type stars, and a superNyquist analysis (Murphy et al. 2013 ) has been done with Kepler data for the peaks of the envelope. There are several possible causes such as a selection mechanism (resonance, trapping; e.g. Dziembowski 1982; Dziembowski & Krolikowska 1990) , or the variation of the large separation with frequency as is also seen in other kinds of stars (e.g. Mosser et al. 2010 ).
The number of stars showing asymmetry towards low frequency modes is much higher (41%) than those with high Article number, page 3 of 9 A&A proofs: manuscript no. dScuTnu_v4.8.1 Notes.
(a) We tested the following definitions: the weighted mean frequency (ν max , see Eq. 4), the frequency of the highest amplitude mode (ν 0 ), and the weighted mean frequency of the power spectrum (ν ′ max , see Eq. 6).
frequency asymmetry in their envelope (21%, see Fig. 3, right) . This difference could be a consequence of the lower energy required to excite these lower frequency modes compared with the energy required by the higher frequency ones. Therefore, the asymmetry in the envelope may be produced by an asymmetry in the growth rate of the modes.
These statistical properties are not significantly modified by the definition of ν max . To calculate the asymmetry we can also use the frequency of the highest amplitude mode (ν 0 ) or the weighted mean frequency of the power spectrum instead of the amplitudes (see Eq. 4)
For both cases, we observed the same number of stars with asymmetric envelopes. Moreover, there are the same proportion of stars with asymmetry towards low and high frequencies although the extreme cases have higher |α|. This is in agreement with our hypothesis of the energy requirements to excite the modes.
Frequency at maximum power
Having determined the values of ν max , we can get the effective temperatures T eff from the input catalogues of both satellites and make a plot as shown in Fig. 4 . Using only the values of T eff from the Kepler catalogue (Brown et al. 2011; Huber et al. 2014) , we obtained the following linear relation (see Fig. 4 ):
The observed dispersion of the data is around σ ∼ 6% and the value of the Pearson correlation coefficient is R = 0.42, meaning a probability of being uncorrelated (P u ; i.e. Taylor 1997) around
where Γ (x) is the Gamma function, and N is the number of δ Scuti stars of the sample. This is the probability that N measurements of a priori two uncorrelated variables gives
Article number, page 4 of 9 S. Barceló Forteza et al.: The envelope of the power spectra of over a thousand δ Scuti stars |R| ≥ 0.42. Taking into account that a probability P u ≤ 5% and P u ≤ 1% mean a significant and a highly significant correlation, respectively, we found a highly significant evidence of a linear relation between the frequency at maximum power and the effective temperature. Moreover, notice that this relation is also followed by the stars observed with the CoRoT sismo-channel (see Fig. 4 blue asterisks) that have been studied in detail by several authors (e.g. Barceló Forteza et al. 2017).
We tested other possible scaling relations such asT eff − ν 0 or T eff − ν ′ max (see Eq. 6). Although all them have similar slope and y-intercept values, the relation we found in Eq. 7 has the highest Pearson coefficient and lower P u (see Table 1 ).
Discussion
TheT eff − ν max scaling relation might be explained by the excitation of higher radial order peaks with higher temperature, as was predicted by Dziembowski (1997, see Fig. 2 in their publication). Balona & Dziembowski (2011) look for a dependence between the frequency of highest amplitude and the effective temperature. Their predicted frequency of highest growth rate seem to increase with the effective temperature (see Fig. 2 in their publication). They find that the measured values vary widely respect the predicted ones, however, the maximum value of the measured temperature increases with the frequency. We observed the same effect when hybrid stars are included in our analysis like Balona & Dziembowski (2011) do in their study.
There are several possible causes to explain the observed dispersion in the scaling relation such as the error of the temperature measurements, a possible systematic error derived of the definition of the frequency at maximum power, or a physical mechanism such as the gravity-darkening effect. The relative error of the measured effective temperatures of the Kepler catalogue are around the 3% and it is not enough to explain the observations (σ ∼ 6%, see Section 3.3). Moreover, there is non significant variation of the observed dispersion when we use ν 0 or ν ′ max instead of ν max (∆σ ∼ 0.05% and ∼ 0.01%; see Table 1 ).
We might explain the dispersion with the gravity-darkening effect (von Zeipel 1924):
where T eff (i) and g eff (i) are the effective temperature and the effective gravity observed for a given inclination i, C is a constant, and the value of β depends of the evolutionary stage of the star (Claret 1998) . Assuming that the surface of the star is a Roche surface (Pérez Hernández et al. 1999) , the value of the effective gravity is
where, R(i) is the radius of the star for an inclination i, and Ω is its rotation. Therefore, the gravity-darkening effect between the equator and the poles can be obtained,
where the value of T eff,p and T eff,e are the effective temperatures at the pole and at the equator of the stars, respectively, and
where M is the mass, and R is the radius of a star with spherical symmetry. Moreover, the temperature difference between midlatitudes, i ∼ 55
• , and any other inclination value is
In fact, T eff (i ∼ 55
≈T eff since at that inclination the effective surface gravity is the same as that of the spherically symmetric star (Pérez Hernández et al. 1999 ).
Extreme fast rotators
The δ Scuti stars with the highest departure from theT eff -ν max relation should be those equator-on or pole-on stars whose rotation rate is close to their break-up frequency,
where R p is the polar radius
Then, Eq. 12 is equivalent to
where the maximum value possible for this dimensionless parameter is ǫ 2 max ∼ 0.451. Taking into account that β ∼ 1 for stars with fully radiative envelope (Claret 1998) , the maximum temperature variation due to the gravity-darkening effect is
Therefore, the predicted dispersion includes 98% of the stars, which suggests that the gravity-darkening effect might explain the real dispersion of the observations (see Fig. 4 ).
Using only the observed temperature departure,
and Eq. 13, we can estimate the minimum value of the rotation rate (Ω min ) for each star, assuming it is pole-on or equator-on and fulfils the condition
where ET eff is the error of the measured effective temperature (see Fig. 5 ). These stars (blue inverted triangles) should then be extreme fast rotators because a high rotation rate is needed to fulfil this last condition (Ω ≥ 0.7Ω K ). In contrast, we can also delimit the inclination of these δ Scuti stars by assuming Ω ∼ Ω K and using dT e f f,obs in Eq. 13. We could find those limits for extreme rotators with inclinations i 45
• or i 60
• (see red triangles, and blue inverted triangles in Fig. 6, respectively) . There is degeneracy between i and Ω for those stars that do not satisfy Eq. 19, (green astersiks). Nevertheless, a deeper study of each power spectrum should allow us to differentiate between a moderate or slow rotator (∀i and Ω < 0.7Ω K ), from a extreme rotator with an inclination close to the mid-latitude (i ∼ 55
• and ∀Ω; see Barceló Forteza et al. 2017) . The limits of rotation and inclination for all δ Scuti stars can also be found in the online material (Table A.1).
The case of the well-known δ Scuti stars
We tested theT eff -ν max relation and the gravity-darkening effect using the known data of eight previously studied stars (see Table 2 ). We have chosen those δ Scuti stars because their frequency at maximum power range spans all the studied region. This region includes ν max higher than the Nyquist Fig. 7 . Measured (green diamonds) and calculated (blue asterisks) effective temperature for CoRoT Sismo-channel δ Scuti stars. Red and purple lines denote theT eff − ν max relation and the limits of the dispersion due to gravity-darkening effect (see text).
frequency of the LC Kepler light curves in order to test our results in this regime too. In addition, this sample has stars with a wide range of inclinations (i ∼ 25 − 84
• ) and rotation rates (Ω/Ω K ∼ 6 − 100%). We calculated their rotation rate using Eq. 14 and the values of mass, radius, rotation, inclination and/or projected velocity (v sin i) provided by the different authors (see Table 2 ).
Two of these δ Scuti stars, CID 1043 (star 1) and CID 8170 (star 6), are well-known spectroscopic binaries whose structural and orbital parameters were studied by Hareter et al. (2014) and Creevey et al. (2009) , respectively. The δ Scuti star with chemical peculiarities studied by Escorza et al. (2016) , CID 5685 (star 4), is a good example of the observed difference of temperature when two different kinds of methods are used. The authors use spectroscopic observations to obtain T eff = 7200 ± 80 K, quite different from that obtained with Strömgren uvbyβ photometry (T e f f = 7700±200 K; Poretti et al. 2005) . This difference is consistent with the observations of Pinsonneault et al. (2012) who, in their study, found differences of the order of 250 K between the spectroscopic and photometric methods. Another method to obtain the effective temperature is the frequency modelling. In this way, Chen et al. (2016) studied CID 123 (star 2) finding an effective temperature around T eff = 7510 ± 130 K for Z=0.008 and T eff ∼ 7380 K for Z=0.009. In the worst scenario, this result still being inside the 1-σ error for both Poretti et al. (2009, T eff = 7400 ± 200 K) and our results (see Table 2 ). In any case, it is preferable to compare with those temperatures obtained with the same method used to calibrate theT eff − ν max relation. In the case of CID 7613 (star 8), García Hernández et al. (2009) obtained a minimum rotation around 20 µHz. To obtain Ω/Ω K , we looked for the highest peak of the power spectrum of the subspectrum (see Fig. 3 of their publication) inside the regime
i. e., Ω 2π ∈ [20, 25.8] µHz. To calculate its break-up frequency, we used Eq. 1 with ∆ν = 53 µHz. Therefore, this star has a rotation rate equal to its break-up frequency and equal to half its large separation. This is in agreement with the Ω ∼ 0.94Ω K S. Barceló Forteza et al.: The envelope of the power spectra of over a thousand δ Scuti stars Table 2 . Measured (8th column) and calculated (7th column) effective temperature for well-known δ Scuti stars (see text). 60 ± 10 45 -70 284 ± 9 8200 ± 300 8100 ± 350 7600 ± 200 García Hernández et al. (2013) 8 7613 100 ± 14 e 51 ± 2 370 ± 12 8300 ± 230 8400 ± 280 8000 ± 200 García Hernández et al. (2009) Notes.
N CID
(a) Those parameters have been taken from the literature. The authors are listed in the "Reference" column. (b) The frequency at maximum power (ν max ), the mean effective temperature (T eff ), and the effective temperature for a given inclination (T eff (i)) have been calculated using Eqs. 4, 7, and 9, respectively (see text) .
(c) The frequencies and the amplitudes of the modes to calculate ν max of CID 123 and CID 8170 have been taken from Poretti et al. (2009) and Costa et al. (2007), respectively. (d) The effective temperature of CID 5685 have been taken from Poretti et al. (2005) .
(e) We obtained the rotation rate of CID 7613 studying the power spectrum of the star (see text).
model of a δ Scuti star calculated by Reese et al. (2017) 2 .
Once we know all those structural parameters (Ω/Ω K , i, and T eff ), we obtain the value of the calculated effective temperature (T eff (i), see Table 2 ) using Eq. 7, and 13. To calculateT eff , we only need the value of ν max , i.e., the frequencies and amplitudes of the pulsations. These parameters of the modes are also provided by the different authors.
Finally, the value of the calculated effective temperature matches the measured effective temperature inside the 1-σ error for all stars studied (see Fig. 7 and Table 2 ). On the one hand, those low-or moderate-rotation rate δ Scuti stars of the CoRoT sample (see stars 1, 2, 4, 5, and 6) do not have a significant difference of temperature owing to the inclination. Therefore, those stars allow us to suggest the validity of theT eff − ν max relation. On the other hand, high-rotation rate δ Scuti stars (3, 7, and 8) present a higher dependence with the inclination. In those three cases, the higher limit of inclination would be more appropriate to explain the observed temperature.
The case of the outsiders
We found that only a 2% of the δ Scuti stars of our sample lie outside the limits of the predicted dispersion due to the gravity-darkening effect. Most of those stars could be included if we take into account their 2-or 3-σ error bars (see Fig. 4) . Nevertheless, there are many possible physical reasons that could cause a higher departure from the effective temperature of a spherically symmetric star.
One of our hypotheses was that the higher limit of the rotation rate for a stable star is Eq. 14. Considering the possibility of finding stars with a higher rotation rate, we took into account a new higher limit,
where g eff,e is the effective gravity, and
the radius both at the equator assuming a constant volume compared with a spherically symmetric star. Therefore, the proportion of δ Scuti stars inside the predicted dispersion increases to 99.3% (see Table 3 ).
The case of the HADS
The High Amplitude δ Scuti stars should be good candidates for testing this scaling relation. These are δ Scuti stars with amplitudes around or higher than 10 5 ppm with temperatures between 7000 and 8000 K, approximately (McNamara 2000) . Breger (2000) points out that most stars of this kind have a slow projected velocity. In this sense, HADS seem to rotate slowly or to have an inclination close to pole-on. As a consequence, we should find them close to the i − Ω degeneracy zone or also with higher temperatures (see KIC 2857323 and KIC 5950759 in Table 4 ).
In contrast, Balona et al. (2012) find that KIC 9408694 has an uncommon higher projected velocity v sin i ∼ 100 km/s. Previous studies find that only 3 of 22 have v sin i > 40 km/s Notes.
(a) Measured temperature with an estimated error of 250 K (Brown et al. 2011; Huber et al. 2014 ). (Rodríguez et al. 2000) . Balona et al. (2012) also estimate that the rotational rate is lower than Ω 15 ± 4 µHz taking into account that the mass and the radius of the star is M ∼ 2.2±0.2M ⊙ , and R ∼ 4.5 ± 0.7R ⊙ , respectively. The lowest frequency peak observed is ν ∼ 34 µHz and the authors discard this as a rotational signal. However, we noted that half of the observed signal (∼ 17 µHz) is within the limits. Using the difference of temperature due to the gravity-darkening effect, we delimited the rotation rate to Ω 0.86Ω K and the inclination to i 76
• (see Table 4 ). Therefore, KIC 9408694 might be an equator-on HADS showing twice the rotational frequency approximately.
We find that all three HADS of our sample are extreme rotators with low inclination angle with the exception of the studied special case of KIC 9408694. Therefore, our scaling relation seems also useful to characterize this kind of stars. The low incidence of HADS in our sample, ∼ 0.28% is in agreement with the observations of other authors (Lee et al. 2008; Bowman et al. 2016 ).
Conclusions
The oscillation power spectra of 700 δ Scuti stars observed by Kepler have been obtained and their overall envelope parametrized. These envelopes could be highly asymmetric compared with low mass stars, main sequence stars, and red giants, especially for those δ Scuti stars with asymmetry towards lower frequencies. This asymmetry may be produced by an asymmetry in the energy balance responsible of the excitation of the modes.
Furthermore, we find that the frequency at maximum power is linearly related with the effective temperature. This could be explained by the excitation of higher radial order modes in δ Scuti type stars with higher temperatures as predicted by Dziembowski (1997) . This is an important result because knowing a power spectral characteristic we will directly obtain an intrinsic stellar parameter, independent of rotation and the point of view of the observer. The scatter of points around the fitted straight line can be explained as the gravity-darkening effect due to the oblateness of the star and its inclination with respect the line of sight. This property allows us to delimit both rotation and inclination from the line of sight, especially for extreme rotators. The well-known δ Scuti stars observed by CoRoT sismo-channel gives support to our findings. Our next step is to use these delimited magnitudes to make an improved analysis of the regularities to find the rotation and the large separation. In this sense, we will be able to characterize δ Scuti with a few seismic indices (Ω, ∆ν, ν max ) as it has been done to solar-type pulsators.
